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1. In one of the recent works of the author @' it vas shown that in order
to 4dsacribe the properties ol rerromagnetic (conversion) metals 1t is reasonable
to upe an ideal model in which a different treatment is made of the "externalness”
of conduction s-electrons and the "internalness” of d-electross. In particular,
such a model gave tie poasibility of sutablishing the temperature function of
slectrical resistance of a ferramasmetic neer Curie's point.

The present work attempts to obtain the temperature depemdence peculisr
+0 the ferramagnetic part of electrical resistance, vhich determines its parti-
cular magne.ic nature (spontaneous magnetization). In addition, the calculations
are limited to the region of low temperatures far from Curle’s pcint vhere
the value of spontaneous magnetizaticn ie very close to saturation. According
t5 the accepted model, spontaneous magnetization 1s due to the positi. » .onvorsion
effect of internal d-electrons, the states of which are described: by the usual
method employed in the guantum theory of ferromsgnetism [5-&7 The condustion-
electron state is described by weans of Bloch's monoelectron model.

In ordinary (nmconverainn) metals it is reascnable to assume that
the cause of electrical resistance is the interaction of cundustion-electrons
with the thermal oscillations of the ions in the crystal lattice ("phonons™).
The collision processes between elecirons and phonons determine the teaperature
dependence of the electrical resistance of a metal. But in the case of ferro-
magnetic (conversion) retals it ls completely valid to assume that, aleng wiih
theas colllsion prosess.3 or electrons and phouons, the proceeses of direct
coaversisn of the ensrgy of conduction-elsctrons to the epergy of ferrcmagnetism
also takes place. In the accepted model, these conversion processes are
naturally described as collisione between conduction-electrons and "gpin-vaves”
of terromagmnetic slectrome, introduced first in Bloch a8 theory of metals /2/.
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In the "corpuscular language,” ti:e spin-w>veg can be called "ferromagnons,”
which tecbnical term ‘we hold to below. " . “oi.. Akhiezer and “Pomeranchuk

introduced the "magnon" concapt for puramagnetica; however, these "partisles”
obey Fermi's statistice when they ere spin-waves, as introduced by Bloch for
Ferromagneiics, and also obey Bose's etaiistics and therefore they should be
called not simply magnons but, for example, f‘erromaenons).

Given below, according to the model assumed by ue, is the caleculation
of the additiomal electrical resistance cf a ferromagnetic.at low tempsratures,
based upon the calculation of the collisicus between conduction-electrons
and ferromagnons.

2, Jdccording to Holetein and Primakoff ng , the energy of ferromagnetic
slegtrons 18 described ag the sum of energiss of "elemantary disturbances”
thus;

Ekxconst -+ Y x
5 .
4 ke (2, 1)
whers .
T nkza//l/.?,"' (2’ 2)

is the nuther of ferromagnons w.th the given value of the wave vector k, and
=2 JJd** (2, 3)

‘18 the energy of a ferromagnon with this same value k (z is ‘the number {co-
ordination) of the closest neighbors in the crystal lattice of the ferromagnetic;
sigma is the epin of the atom; I is the conversion integral; end d is a parameter
of the lattice). ({Note: the expresmion k’/a("o-lz[*wﬁ‘_/xﬂ/.laﬂ-a”datemmea +he
effective mass of the Terromagnaon snd theta sub-f 1s Curie's point.)

. L)

Since the number of ferromagnons vith a given wave vector way be
any value @ , these "particles" obey Bose's statistics; therefore, in the
stationary (steady-state) atate, the average value of nj equals:

. Fig=(e W/ *T—1)~! (2, )

(xappa is Boltzmann's ccmstant). Formule {2, 4) justifies the assumption
concerning the amallness of k, which rests on the baeis of conclusion (2, 1)

@7 ¢ for the case cousidered here of low tempsratures, because, when £; S x =~
Plank’'s distribution function (2, 4) practically equals zero and consequently
the basic role is played only by those ferromagnons for vhichéyg x7 , that is
k41, aince T€Gr~2z]/x . The vroper seleciion of the distributim function
(2,4) assumes that an equilibrial (s+esdy) dietribution of energy among the
oscillations ‘in a spin-field is determined without consideration of the
conduction-electrome. In the given case (in contrast to the case of interaction
of electrons and phonoms). such as assumption is decided as more Justified,
insofar as the role of the anharmonic terms in the Hamiltonian of the conversicn
of interactiom @7 is comparatively large. not just when close t> Curie's

point (where 1t is unnecessary to talk, even approximately, about any harmonicness);
but, as Akhiezer showed m, even for lov temperatures (10°K), the relaration
time, as determined by some "oubic" terms in the energy operator, equals about
10-Tsec. We shall not stop for a more detailed anmlyais of the ccrrectness

of the assumption. concerning the realization of (2, 4), because this is beyond
the scope of the present article; however, it is necessary to note that even

a contrary assumption comcerniug the incorrectnsss of (2, L) would lead, even
in the ordinary thecry of "phonon resistance"” ﬁ/ , to a similar temperstnre
depeadenco of electric depuaderso, as obtained below.

We shall now investigate the interaction energy betweeun conduct.on-
electrons and the spin-fiLld. We sht)l rega:d the state of full saturation
as the nondisturbed state, The wave function of the s-eleniron iu this state
possesses the wueval Dropertises of an eigenfunct’on belonging to Block'_g electran
in an ideal lattice; that is, it is characterized by the value of the ;;' vector
of quasi-igpulss, wvhich determines the electron atate. Thus, for a homogenscus
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distribution of spins in & crys~ctal, tha. :~. in the absence of elementary
disturbadces of & spin-field, pulieral.j .. liversions are produced which

may lead to mdditional electrissl resistzuce: |except that depsndent upon
interaction with phonons), Such conversions umay be caused only during the
presence of inhomogeneity in the spin-moment distribution. Consequently, in
the first approximetion it can be assumed that the interaction emergy of con-
duction-eleotrons end ferromagnons is a linear function of the firat derlva-
tiveas of the vector-spin components. From this "linearity” 1t immediately follows
that for each process of interaction between spin-field and conduction electrans
the gquantum number nj incresases Or decreases by unity; that is, this procese
representa the act of emisaion or absorption of one ferronagnon during electron
converaion from the stated to the etateg:‘"(#a, During acts of emission end
absorption of a ferromagnon of impulse k, the lawe of canservation of quasl-
1nmulsag’¢= ;Z’+ & must correspondingly be satisfied.

Insc far as poseible, we shall try novw to clarify the inlersection mechanism
between conduction-electrons and ferrcmagnons., The emission of one ferromsgnm
is equivalent to an increase in magnetization of a body, but absorption 18
eguivalent to a decrease, It 1s possible to represent, for example, that .
canduction-elestrons undergo magnetic spin-orbital interaction, during, which
the spin of the whole system (and, consequently, the resulting magnetic
momen%) is not an integral mo'’ «: and thorefore does not have be be conaerved
during each act of collision an electron with a ferromagnon. Therefore,
amcng those conversions leading to em:eion or absorption of a ferromegnon,
those conversions ars possible for each one of which the spin of a s-electron
dges not change its direction to ithe opposite direction. But, of course,
those conversions are possible that comserve the full spin of the system.

Yor example, in the case examined by us earlier E] of the processes of a-d
interchange for each act of emission or absorption -f a ferromagnon, the

spin of an s-electron must ccrrespondingly reverse its direction in order

that the summed momenta remain constant. A priori, there are two possibilities:

(1) The energy I of s-d interchange is large compared to the average
thermal energy; that 1s I 3XT. But vhen the c-uversions of s-elecirons vith
"turning-over” of the apin are unimportant, because of the impossibility of
satisfying the law of conservation of energy, since, as already showa, during
low temperatures {which alone are of interest to uss , then tho number of
ferromagncas vith energies considerably exceeding xT is insignificantly small
and also the minimma poasible_'variati_o.n in energy of an s-electron with
"turned-over” spin equals: E)-e(g)=1 D> XT—~-#-

-
(2) Exchenge ensergy I <€xT. In this case, conversicne with change in spin
direction to the opposite directicn do not differ at all from conversions
without such changes in direction.

These considerations 4o not generally permit, in the following
calculations, cne to stipulate vhether or not in the processes of emission or
abaorption of a forromagnon any change takes place 1n the spin-orientation
of & conduction-electron to the cpposite direction. Hereafter, therefore,
we shall consider the canduction-electron as a single-valued function of
the quasi-impulse }k

3 By loying7the usual methods standard in the theory of electro-
conductivity [&, 8, 0/, 1t is possible easily to cbtsin and to solve the
kinetic equations of the problem studled.

AS a result of ordinary mathematical operations, it is easily found
that the right-hand part of the kinetic equations appes. to be a linear
combination of the following intvegrals:

Li K3dk ‘S__ e )
X7 ) (e S5 /xT_) ) (.:o«—e)/xTﬂ)(c(e—akw,.)/,(,-*:l) (31,
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‘Where M is the chemical potentlel and £ 1s the energy of the g-electroms. It
is easy to see that both integrals ‘n (7, 1) are proportional to 72,
Consequently, the additional electrical resistance of & ferromagnetic dependent
upon the interaction of conduction-electrons with ferromsgnons during low

temperatures varies in proportion *o o7

The dependence, =stablished above, of the additional electricai

resistence upon tempcrature cen be obtained also by very general considerations
Just a8 in the case of elsctron-phonon tnteracticn during low temperatures,

in the conversions discussed above cnly ferromagnons that have energy ExgxT
ars involved, The change in energy of an s-electron during collisiona equals
fe'~gj/~k* that 1e, 1t 18 & magnitude of the second ovder of emallness {relative
to k). Thersfore, whep T-+0°F 1t is possible to "connect” the phase points of
s-gisctrons with a surface €=, By virtue of the smallness of the quasi-
impulse of ferromagnons k, the quasi-impulsss of electrons é’vary to & small
extent also. We may talk, in this manner, about the diffusion of the phase
points of electrons on the eurfs.3 of zerc epergy £ms, The external slectrical
field F condenses the phase r 8 ia & certain part of the phase surface;
the thermal motion tends to "su:k apart” this condensation. For a given
magiitude of F and given temperature T, atatistical ecuilibrium is established.

The diffusion (caused by thermal motion) flov is equal,"for this
flow, to the effected field F (the latter, for a weak Tield, ls proportional
to thy magnitude of thie field). The flow from the field will be greater,
the alover the condensation of the phase points scatterz due to diffusion.
The diffusion curvent is proportional to the derivative of the coefficient
of diffusion D times the gradient of the surface concentration of phase
points of electrons, which aquale the current density in a given direction
(equals the difference betwuen the phase points densitles in the given
direst! m¥ for F#0 and Fm=0). Thus, the Gosfficient of diffusion, with an
accuracy equal to that of purely mechanical coefficients of proporiionality,
appears to be a measure of electrical resistance and in each case the total
temperature dependence of the latter is included in D.

Fram general kinetic considerations it is known that D.~_Xv, where\
is the length of free path and v ie the average velocity for a given cese of
phase points. Iength A eauals the average variation of quasi-impulse of an
ol.actron, that 33 lzfdgl‘*k, and the average velocity vequals the derivative
of the "number of collisions" in a unit t'me of equal probahility W times A ;
that 1s,y=w). In determining the value of W, we note that since, at low
temperatures, the ferromsgnons are excited with small k, then W is of the saue
order of magnitude as the energy density of these ferromagnons. The ferromagnons
take part in the collisions, the energy of whichn satisfies the law of
conservation; moreover, in acccrdance with Bose's distribution we h“’"ekﬁk'r-
Therefors, tha nuumber of ferromagnone equals the number of phase pointe
1ying in the surfaces E({:ﬁ-l{)—&(a-‘hik =0 i the regions bounded by the
closed curves §=3T . For small k, Eheee curves may be considered as flat
circles vhose area is approximately k. Consequentlv, ‘he energy demsity
of ferr ons taking part in conversions is proportional to~g, 2 or in
virtue of 52, 3) to~4L¢. Thua, for the coefficient of diffusion we obtain Desv)
xsW)’ckf Tt In virtue of the condition £y%kin 4 7 Ve have Do 73 3
conssquently the additional electrical resistance of a f2rromagnetic, caused
by collisions with ferromagnons and based on these_very general observations
for lov temperatures, must very approximately as T-.

b, Thus, the electric resistance of purely ferromagnetic metals (devoila
of admixtures and of deformations of the lattice) at lov temperatures may
be expreased as tte sum cf three terms thus:uT?BT# YT¥here the first term

R T
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('1‘5) represents the oriinary rh~non part. " the resistance; the second teru
(T3} is the ferromarmon part discussed aro7o: and finally the third term (Te)," "
according to Landsu and Pomeranchuk /37 !see also /107), 1s due te the colllsions
between electrons, We ehall not discuss here the problem concerning the
" ynterference” of thess three mechanisme, enumerated above, with each other and
with the residual resistance due to the disturbances in the correct alignment
of the crystal lattice, which {interference) may lead to additiomal terms in
the expression for electrical resistance, vesides its own temperaturs
dependence []_.17

Ae for comparisons with sxperiments, unfortunately it is nacessary to
atate here the absence of any expirical data on the varistion of electric
resigtaice of ferromagnetic substances at low temperatuyes {down to very
low temperature less than 19K}, which would appesr & criterion of accuracy
for the above-deduced theoretical formmlas. Nevertheless, it seems to us that

tle re~ult cbtained above for the temperature funstion of the ferromagnon
part of electric reaistance appears to be of nontrivial theoreticalinterest.

'
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